Fatigue crack closure in commercially pure titanium sheets severely deformed using the accumulative roll-bonding (ARB) process were investigated. Sheet processed through 6 cycles of ARB consists of fine equiaxed grains and elongated lamellar grains and shows a high 0.2% proof stress of 790 MPa. Fatigue crack closure was not observed in the ARB processed sheet. The effective threshold stress intensity factor ranges, "K th.eff , of the ARB processed sheets and starting sheet are nearly the same. On the other hand, the resistance of the fatigue crack growth rate of the ARB processed sheet is higher than that of the starting sheet. It was found that ARB increases the resistance for the fatigue crack propagation but has no effect on the onset of propagation.
Introduction
Ultra-grain refinement through severe plastic deformation (SPD) processing has been actively studied in various kinds of materials since the late 1990s. Ultrafine grained (UFG) materials whose mean grain sizes are less than 1 µm show high tensile strengths superior to those of conventional materials with coarse grains.
15) It is expected that the UFG materials also show good fatigue properties. Fatigue properties have been mainly investigated in UFG materials fabricated by equal channel angular pressing (ECAP). Fatigue crack growth testing of these materials 610) indicated that the threshold stress intensity factor range, "K th , decreases after pressing. Kitahara et al. 10) reported on the fatigue crack growth of commercially pure Ti sheets severely deformed by accumulative roll-bonding (ARB), another type of SPD process. In this study, the "K th decreased after deformation as well. A suggested reason for the decrease in "K th is that the fatigue crack closure phenomenon decreases with increasing strengthening from SPD. 610) Here, the fatigue crack closure is a phenomenon where the crack tip closes before complete unloading during a fatigue crack growth test. If this occurs, then the apparent load for crack growth becomes larger than the actual load. As a result, the obtained "K (stress intensity factor range) is an apparent value, and is larger than the effective stress intensity factor range for actual crack growth, "K eff . Thus, measurements of fatigue crack opening displacements are required to obtain the "K eff from a fatigue crack test. However, the size of SPD samples is not large enough to permit common crack opening measurements. As a result, fatigue crack opening displacement has not yet been measured in such samples. In the present study, the fatigue crack opening displacement of Ti sheet in its condition and after ARB processing was measured under fatigue crack growth testing, and presence or absence of the fatigue crack phenomenon occurs was investigated.
Experimental Procedures
Commercially pure Ti sheets (grade 2) were used in this study. The dimensions of the starting sheets were 2 mm in thickness, 25 mm in width and 150 mm in length. The starting sheet consists of equiaxed grains whose mean grain size was 28 µm. 6 cycles of ARB was carried out at room temperature using a two high mill with a 310 mm diameter lubricated rolls; the detailed procedures of this process are described in Ref.
10) The microstructure of the ARB processed sheet was observed though transmission electron microscopy (TEM). Tensile tests were carried out using specimens with a gauge length of 5 mm and a gauge width of 2.5 mm, and the initial strain rate was 8.4 © 10 ¹4 s ¹1 . Compact tension (CT) specimens, each with a notch, were prepared for fatigue crack growth testing. Figure 1 shows the schematic illustration of the CT specimen. The specimen thicknesses for the starting Thicknesses of the starting sheet and ARB processed sheet are 2 and 1 mm, respectively.
sheet and the ARB processed sheets were 2 and 1 mm, respectively, and the notch was parallel to the transverse direction (TD) of each sheet. Surfaces of the specimens were polished before testing in order to enable crack length measurement. Fatigue crack growth tests were carried out at a stress ratio of R = 0.1, with an electro servo hydraulic fatigue testing machine operated at a frequency of 10 Hz at room temperature. The crack length on the surface of the specimens was measured using an optical microscope. Although the thicknesses of CT specimens were 2 mm (starting sheet) and 1 mm (ARB processed sheet), the stress intensity factor (K) was calculated from ASTM standard E399.
11)
The clip gauge method was employed to measure the fatigue crack opening displacement. However, a commercial clip gauge was not applied to these small CT specimens. Therefore, clip gauges were self-produced in this study incorporating a design proposed by Kikukawa et al. 12) Each clip gauge consisted of two spring sheets, four strain gauges and two aluminum spacers, as shown in the schematic illustration in Fig. 2(a) . The spring sheets were made of phosphor bronze (CuSnP) because of its high elastic limit. Calibrations of this self-produced clip gauge were carried out with a micrometer and a strain amplifier. The clip gauge was fixed at the notch of the CT specimen using an adhesive, as shown in Fig. 2(b) , and loaddisplacement curves of the starting and ARB processed sheets were obtained. Figure 3 shows a TEM image and corresponding diffraction pattern of the 6-cycle ARB processed Ti sheet observed along its transverse direction (TD). The microstructure consists of fine equiaxed grains and also fine lamellar grains elongated along the rolling direction (RD), which is consistent to previous studies on ARB processed Ti sheets. 4, 5, 10) The mean grain size of the equiaxed grains was 116 nm, while the mean thickness of elongated grains was 95 nm. Figure 4 shows nominal stressstrain curves of the starting sheet and the ARB processed sheet. The tensile strength significantly increases through ARB deformation, although the elongation decreases. The 0.2% proof stress of the ARB processed sheet is 790 MPa, which is about 2.6 times higher than that of the starting sheet (300 MPa). Figure 5 shows log-log plots of stress intensity factor range, "K, versus fatigue crack growth rate, da/dN, of the starting and ARB processed sheets. Using the minimum "K as the "K th in each case, the "K th of the starting and ARB processed sheets were 5.2 and 3.8 MPa m 1/2 , respectively. Therefore, "K th decreases after ARB processing. This tendency is consistent with results reported in ARB processed Ti sheet 10) and ECAPed mateials.
Results and Discussion

69)
Fatigue crack opening displacements were measured at "K th using the self-produced clip gauge since the crack closure phenomenon is clearly observable at low "K. Figure 6(a) shows the loaddisplacement curve of the starting Effect of ARB Processing on Fatigue Crack Closure in Commercially Pure Titaniumsheet with no crack under one cycle. The relationship in Fig. 6(a) is strongly linear, and the corresponding linear regression line was used as the elastic line since it satisfies on plastic relationship between load and displacement. 13) Figure 6(b) shows the loaddisplacement curve of the starting sheet with a crack of "K th = 5.2 MPa m 1/2 . This plot shows hysteresis, indicating the occurrence of plastic deformation under the fatigue crack growth testing. A linear part under loading is illustrated, and it is confirmed to correspond to the elastic line in Fig. 6(a) . Therefore, the first point on the elastic line under loading was used as a crack opening point. The load at the crack opening point, · op , in the starting sheet was therefore determined to be 41.5 N. The loaddisplacement curves of the ARB processed sheet are shown in Figs. 7(a) and 7(b). Both curves show a linear relationship and lack hysteresis, and therefore no crack opening point was observed. This indicates that the crack closure phenomenon does not occur in the ARB processed sheet.
"K eff of the starting sheet was calculated using · op .
11) The effective stress range ("· eff ) was calculated from eq. (1),
where · max is the maximum load. "K eff was calculated from eq. (2)
where K max and K op were determined using maximum load and load at the crack opening point. 11) Figure 8 shows "K eff and da/dN curves of the starting and ARB processed sheets. The "K app value was used as "K eff in the ARB processed sheet since no crack opening point was observed. The effective "K th , "K th.eff , in the starting sheet (3.9 MPa m 1/2 ) is nearly the same as in the ARB processed sheet (3.8 MPa m 1/2 ). This shows that the fatigue crack propagation starts at same "K for both sheets. Each curve has a linear part where the crack propagation is stable above the "K eff = 5.0 MPa m 1/2 . The fatigue crack growth rate of the ARB processed sheet was slower than that of the starting sheet. This shows that the resistance of fatigue crack propagation in the ARB processed sheet is higher than that in the starting sheet. This increased resistance results from both the increased strength and the increased number of grain boundaries, induced by ARB. While ARB slows the rate of fatigue crack propagation, no effect on the onset of propagation was observed.
The crack opening point, and therefore fatigue crack closure was not observed in the ARB processed sheet. During fatigue crack closure, the crack tip closes before complete unloading because the fatigue crack creates a plastic zone. As a result, residual stress remains along the fatigue crack. Since the effect of this phenomenon on crack growth depends on the plastic zone size at the crack tip, the plastic zone would be small in the ARB processed sheet with high strength. Therefore, the plastic zone size of the ARB processed sheet was compared with that of the starting sheet at "K th . The plastic zone size, r p was calculated from eq. (3), 11) 
where K and · y.s. are the maximum stress intensity factor at "K th and yield stress, respectively. The 0.2% proof stress was used as yield stress in this study. In the starting sheet, the plastic zone size was 47.5 µm. However, it was reduced to 3.76 µm in the ARB processed sheet. Thus, because of the 
Conclusion
Fatigue crack closure in commercially pure Ti sheet with the mean grain size of 28 µm (starting sheet) were investigated in its starting condition and after severe plastic deformation by 6 cycles of accumulative roll bonding (ARB). After ARB processing, the microstructure was observed to consist of fine equiaxed grains with a mean grain size of 116 nm and also lamellar grains with a mean thickness of 95 nm. The 0.2% proof stress of the ARB processed sheet reached 790 MPa, about 2.6 times higher than that of the starting sheet. The tensile strength significantly increased after ARB, although the total elongation decreased. Fatigue crack growth tests using self-produced clip gauges revealed that the crack closure phenomenon occurs in the starting sheet, but not in the ARB processed sheet. The effective threshold stress intensity factor ranges of the starting sheet and of the ARB processed sheet were nearly the same. On the other hand, fatigue crack growth in the stage of stable crack propagation decreased after the ARB. The resistance to fatigue crack propagation in the ARB processed sheet was higher than that of the starting sheet. This results from the small plastic zone size at a crack tip in the ARB processed sheet, which has a higher 0.2% proof stress. 
ΔK eff
Δk app ΔK eff starting sheet Fig. 8 Fatigue crack growth rate as a function of stress intensity factor range for the starting and ARB processed sheets. For the starting sheet, both "K app and "K eff are plotted. In the ARB processed sheet, "K eff and "K app are the same plot since the no crack opening point, i.e., no crack closure phenomenon was observed. Effect of ARB Processing on Fatigue Crack Closure in Commercially Pure Titanium
